Downstream of Kinase (DOK) proteins represent a multigenic family of adaptors that includes negative regulators of immune cell signaling. Using phylogenetics and intron/exon structure data, we show here that the seven human DOK genes (DOK1 to DOK7) form three highly divergent groups that emerged before the protostome-deuterostome split: DOK1/2/3, DOK4/5/6, and DOK7. For two of these three groups (DOK1/2/3 and DOK4/5/6), further gene duplications occurred in vertebrates and so while chordates only have three DOK genes, vertebrates have seven DOK genes over the three groups. From our expression analysis in humans, we show that each group of DOK genes has a distinct pattern of expression. The DOK1/2/3 group is immune specific, yet each of the three genes in the group has a distinct pattern of expression in immune cells. This immune specificity could thus be ancestral, with the DOK1/2/3 gene also being immune-related in protostomes. The DOK4/5/6 and DOK7 groups represent genes that are much less expressed in immune system than the DOK1/2/3 group. Interestingly, we identify a novel tyrosine based motif that is specific to the vertebrate DOK4/5/6 sequences. The evolution of the DOK genes is thus marked by a pattern of ancient duplications and functional specializations.
a b s t r a c t
Downstream of Kinase (DOK) proteins represent a multigenic family of adaptors that includes negative regulators of immune cell signaling. Using phylogenetics and intron/exon structure data, we show here that the seven human DOK genes (DOK1 to DOK7) form three highly divergent groups that emerged before the protostome-deuterostome split: DOK1/2/3, DOK4/5/6, and DOK7. For two of these three groups (DOK1/2/3 and DOK4/5/6), further gene duplications occurred in vertebrates and so while chordates only have three DOK genes, vertebrates have seven DOK genes over the three groups. From our expression analysis in humans, we show that each group of DOK genes has a distinct pattern of expression. The DOK1/2/3 group is immune specific, yet each of the three genes in the group has a distinct pattern of expression in immune cells. This immune specificity could thus be ancestral, with the DOK1/2/3 gene also being immune-related in protostomes. The DOK4/5/6 and DOK7 groups represent genes that are much less expressed in immune system than the DOK1/2/3 group. Interestingly, we identify a novel tyrosine based motif that is specific to the vertebrate DOK4/5/6 sequences. The evolution of the DOK genes is thus marked by a pattern of ancient duplications and functional specializations.
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Introduction
Downstream of Kinase (DOK) proteins represent a multigenic family of adaptors that includes regulators of immune cell signaling. To date, there are seven identified members: DOK1 to DOK7. The DOK proteins play a central role in the assembly of the binding partners in different cell types especially upon receptor tyrosine kinase and immunoreceptor triggering (Jordan et al., 2003; Mashima et al., 2009 ). Some of these adaptor proteins are preferentially expressed in hematopoietic cells. All of them share structural similarities characterized by an amino-terminal part with both a pleckstrin-homology (PH) and a phosphotyrosine binding (PTB) domain that is essential for their plasma membrane recruitment and a carboxy-terminal part containing tyrosine residues that can be phosphorylated, allowing the recruitment of Src-homology-2 (SH2) domains bearing proteins. DOK1/2/3 are phosphorylated upon triggering of immunoreceptors, such as T-cell receptor (TCR) (Dong et al., 2006) , B-cell receptor (BCR) (Lemay et al., 2000) or some Fc receptors (FcRs) (Ott et al., 2002) . In addition, mouse models show the important role of these DOK proteins in immune responses (Celis-Gutierrez et al., 2014; Ng et al., 2007; Yasuda et al., 2007) . These adapter proteins are key players of the negative regulation of signaling pathways in immune cells. On the top of these three DOK family members, four other DOK proteins were identified, initially outside of the immune system, and were named DOK4-7 (Crowder et al., 2004; Grimm et al., 2001; Okada et al., 2006) . Among them, we reported that DOK4 and DOK5 genes are expressed in human T cells (Favre et al., 2003) and subsequently demonstrated that DOK4 is a negative regulator of T cell activation (Gerard et al., 2009) . To further investigate the putative role of all DOK family members in immune cells, we performed an investigation of their evolution and expression patterns.
Materials and methods

Genomic structure
Exon/Intron structures of DOK genes were obtained using the Ensembl website (www.ensembl.org/).
Dok gene dataset
To assemble the Dok dataset used in the phylogenetic analysis, BLAST (Altschul et al., 1990) searches were performed to screen NCBI's non-redundant (NR), expressed sequence tags (EST), and whole genome shotgun (WGS) databases. Branchiostoma belcheri sequences were also obtained from the Chinese Amphioxus Genome Project database (http://genome.bucm.edu.cn/lancelet/). For the WGS database, gene structures were reconstructed using FGENESH (Salamov and Solovyev, 2000) . Because DOK genes are present in most bilaterian lineages, a set of sequences representing the main taxonomic groups was selected to avoid overrepresentation of certain groups (such as mammals). In doing so, and wherever possible, we used the same reference species for a given taxonomic group. Yet, in some cases, it was not possible to find a complete sequence for a given species (for example Danio rerio DOK5 and DOK7 or Xenopus tropicalis DOK3). In such cases however we cannot conclude that the gene was lost in those species as it could just be a case of partially-sequenced genomes. Id numbers of sequences used in the tree (Fig. 1) are available in suppl. Table 1 .
Sequence alignment and phylogenetic analysis
Initial sequence alignment for the region covering the DOK proteins was generated with MUSCLE (Edgar, 2004) and improved using SAT e-II (Liu et al., 2012) and manual correction. Phylogenetic analyses were conducted using maximum-likelihood (ML), Neighbor-Joining (NJ), and parsimony methods. NJ analysis was performed with MEGA6 (Tamura et al., 2013 ) using a Poisson correction distance with pairwise deletion and 500 bootstrap replicates. PAUP*4.0b10 (Swofford et al., 2001 ) and the tree bisectionreconnection branch swapping algorithm were used for parsimony analyses with 500 bootstrap replicates and a heuristic search. ML analysis was performed with RAXML8 (Stamatakis, 2014) under the WAGþGþF model with 500 bootstrap replicates (rapid bootstrapping) (Stamatakis and Ott, 2008) .
Accession codes
RNAseq profiles used to assess DOK gene profiles in human immune cells were collected from GEO (http://www.ncbi.nlm.nih. gov/geo/), accession GSE60424. The number of reads shown in Supplemental Table 2 represents the average of counts in four healthy donors and twelve to sixteen patients. Standard deviations (sd) as well as coefficients of variation (CV) are also provided. RNAseq profiles from mouse immune cells were collected from the Immunological Genome project (ImmGen, http://www.immgen. org) using the RNA-seq Skyline tool.
Analysis procedures
Human expression levels are the counts of reads aligned the genome and expressed as count per million. Values were extracted from supplementary data of the GSE60424. The providers analysed the sequencing libraries on an Illumina HiScan, with a target read depth of~20M reads. Then, they aligned the reads to Hg19 via Omicsoft sequence aligner (OSA) version 2.0.1. Gene counts were generated by HTSeq version 0.5.4p3 and normalized using the Trimmed Mean of M-values procedure (EdgeR package, Bioconductor), which considers that most genes are invariant among different experiments. We re-assembled clinical data to expression levels and annotated the ensembl identifiers by use of R and Bioconductor packages (GEOquery and org.Hs.eg.db). Mouse expression levels result from a similar processing of reads involving the comparable DESeq2 package. The reads were generated using ImmGen's "Ultra Low Input" RNAseq pipeline, starting from 1000 sorted cells.
Results
Three ancient groups of DOK sequences
To further classify the DOK family, we performed phylogenetic analyses for all DOK family members. This analysis shows that bilaterians possess three distinct groups of DOK sequences that emerged before the protostome-deuterostome split: a DOK1/2/3 group (first group), a DOK4/5/6 group (second group), and a DOK7 group (Fig. 1A) . The phylogenetic tree shows that the DOK7, DOK1/2/ 3 and DOK4/5/6 genes were present in a metazoan ancestor. The DOK7 gene remained single copy throughout metazoan evolution while DOK1/2/3 and DOK4/5/6 duplicated in vertebrates to give rise to DOK1-3 and DOK4-6, respectively. Interestingly these gene duplications all occurred before the mammal-cartilaginous fish split, so that while chordates only possess three DOK genes, vertebrates possess seven DOK genes.
Each of the three DOK groups has a unique genomic structure
To understand the evolution of eukaryotic genes, it is important to investigate exon/intron structures. A gene prediction program was used in combination with DOK coding sequences to analyze the seven human DOK genes and deduce exon/intron structures. This analysis shows that the three groups identified in the phylogenetic analysis all display a unique exon/intron structure (Fig. 1B ). Yet, for the two groups with three DOK genes (DOK1/2/3 and DOK4/5/6) the structures are conserved within each group. We already showed that DOK genes from the first group are composed of four or five putative exons and two DOK genes from the second group, DOK4 and DOK5 are composed of eight putative exons (Favre et al., 2003) . Interestingly DOK6 showed the same exon/intron structure compared to other members of this group, DOK4 and DOK5. The DOK7 exon/intron structure showed a dramatic difference compared to DOK genes from the first or second group. DOK7 is encoded by 8 exons. Analysis of phylogenetic trees and exon/intron structure of DOK family members are thus congruent, since the same groups (DOK1/2/3, DOK4/5/6 and DOK7) can be defined in both experimental approaches.
DOK1, DOK2 and DOK3 are differentially expressed in immune cells
In order to study DOK1 to DOK7 expression pattern, we analysed data processed into RNA sequencing (RNAseq) (GEO, Accession GSE60424) (Linsley et al., 2014) . PBMCs samples from twenty donors were analysed (suppl. Table 2 ). In bone marrow, the hematopoietic stem and progenitor cells (HSPCs) give rise to the mature blood cells. Gene expression for DOK1 to DOK7 has been reported in HSPCs (Coppin et al., 2016; Dutta et al., 2017; Itoh-Nakadai et al., 2017; Izadpanah et al., 2008; Kunimoto et al., 2017; Will et al., 2012) . Here, we studied expression level in different mature hematopoietic cells (neutrophils, monocytes, B cells, CD4 and CD8 T cells, natural killer (NK) cells). Expression pattern of human DOK genes across different immune cell types shows that the DOK transcripts are heterogenously expressed in the immune system (suppl. Table 2, Figure S1 ). It is interesting to note that DOK1/2/3 genes are immune specific at least in human and mouse. This lead us to predict that this represents an ancestral pattern for all vertebrate DOK1/2/3 sequences and that the DOK1/2/3 genes in protostomes are also involved in immune functions. Immune specific functions of the ancestral DOK1/2/3 gene have not been currently assessed (i.e. in protostomes). In fruit flies as Drosophila melanogaster, the expression pattern of this ancestral DOK1/2/3 gene, Ddok is quite similar to the pattern of a gene encoding for a Syk family kinase, Shark (Biswas et al., 2006) . Ddok interacts physically with Shark (Biswas et al., 2006) and both fly Src family kinases (SFK), Src42A and Src64B (Giot et al., 2003) . In Drosophila, a receptor containing an immunoreceptor tyrosine-based activation motif (ITAM), Draper promotes phagocytosis in hemocytes/macrophages through an ITAM-domain-SFK-Syk-mediated signaling cascade (Ziegenfuss et al., 2008) . This signaling pathway is homologous to the wellestablished SFK-ITAM-Syk-signaling pathway used in vertebrate adaptive/innate immune responses. Taken together, the role of Ddok in this signaling axis should be addressed to potentially define DOK immune functions in Drosophila.
Interestingly DOK2 is the most expressed gene in all hematopoietic cells, except for neutrophils and B cells. Inversely, DOK3 gene is highly expressed in B cells and neutrophils. This observation shows that although closely related, genes from group A (DOK1/2/3) are expressed in different cell types. It would indicate that the DOK2 and DOK3 genes are expressed in different lymphocyte subsets. Concerning DOK1, this gene is broadly expressed among hematopoietic cells but always at a lower level compared to the DOK2 or DOK3 expression patterns. Thus, DOK1 may have a redundant role in cells when co-expressed with DOK2 or DOK3. In accordance, the DOK1 and DOK2 proteins have a redundant role in T cells (Yasuda et al., 2007) or myeloid lineage (Yasuda et al., 2004) . Likewise, both DOK1 and DOK3 proteins could reach similar signaling endpoints in B cells, but it is less obvious (Ng et al., 2007; Yamanashi et al., 2000) . Although these studies show differential responses, it might be of interest to study mice lacking both Dok1 and Dok3 to investigate the potential redundancy of these proteins in B cells or in neutrophils.
Concerning DOK4, DOK5 and DOK6 genes (group B), only DOK4 and DOK6 are expressed in human immune cells (suppl. Table 2 ). Both human and mouse DOK4/Dok4 gene are expressed in a majority of tested immune cell subsets (Fig. S1 ). Consistent to that, previous studies showed that DOK4 could be important in T cells (Gerard et al., 2009) , and human DOK5 gene expression is induced upon T cell activation (Favre et al., 2003) . Upon viral infection in mice, activated CD8 þ T cells habor a slight induction of Dok5 and Dok6 similar to Il2ra encoding for the IL-2 receptor a chain (Fig. S2) .
Finally, DOK7 (group C) gene expression is detected in human B and at lower level, in human NK cells, suggesting a potential role of DOK7 at least in these human cell types. This point should be moderated by the fact that Dok7 gene expression was not detected in mouse B and NK cells.
Identification of a newly conserved region in the group B DOK gene
From the sequence alignment of all DOK proteins, we could identify a conserved motif sequence within group B members (Fig. 2) . This conserved sequence is localized in the carboxyterminal part of all vertebrate DOK4/5/6 proteins, and such conservation is consistent with an interaction with partners that are also present and conserved in all vertebrates. Interestingly, a point mutation of the tyrosine residue located in this motif of the DOK4 protein dramatically decreased neurite outgrowth upon GNDF stimulation compared to wild-type DOK4 (Uchida et al., 2006) . This observation reinforces the possibility that this conserved motif is important for DOK4 function and probably DOK5 and DOK6 proteins as well. Further studies are necessary to identify potent interactor(s) of this highly conserved motif in DOK proteins across vertebrates. Since this region is not conserved in the first DOK group (group A: DOK1/2/3), we suggest that this motif could be a subject of difference between the group A and group B in immune functions. Yet, studies showed that DOK4 could have a role in immune cells and, intriguingly, that DOK4 and DOK5 can be expressed upon stimulation in immune cells (Favre et al., 2003; Gerard et al., 2009 ). Thus we cannot exclude a role for this second DOK group (group B: DOK4/5/6) and this conserved region in immune cells upon stimulation.
Conclusion
Using phylogenetic analyses of DOK gene family we showed that the seven human DOK genes (DOK1-7) form three highly divergent groups that emerged before the protostome-deuterostome split: . This tyrosine residue is corresponding to the position 270 (Y270) in human DOK4 structure and the position 268 (Y268) in human DOK5 or DOK6 structure. This motif is a conserved sequence of eleven amino acids across vetebrates species. Around the central tyrosine residue, the most frequent upstream sequence is leucine-proline-arginine e serine e alanine and the downstream sequence is tryptophan e (histidine or glutamine) e histidine-isoleucine-threonine, giving the following signature: LPRSAYW(H/Q)HIT. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) DOK1/2/3, DOK4/5/6, and DOK7. The DOK7 gene remained single copy throughout metazoan evolution while DOK1/2/3 and DOK4/5/6 duplicated in vertebrates to give rise to DOK1-3 and DOK4-6, respectively. Consistent with this, the three phylogenetic groups all display a distinct exon/intron structure.
We confirmed using RNA sequencing data that the first DOK group (group A: DOK1-3) is more expressed in immune cells in vertebrates (at least in human and mouse). Our observation that DOK3 is highly expressed in both human and mouse neutrophils, allow us to predict a role for DOK3 in this cell type. The collected RNA sequencing data (Figs. S1 and S2) are showing that some gene expression for group B and C can be detected in immune cells. When these DOK genes are detected across the different immune cell subsets both in human and mouse, the human and the orthologous mouse gene are co-clustering, that is the case for the DOK group A and the first member of the group B, DOK4 (Supplementary Figure) . DOK4-6 genes (second group, group B) seem to get a limited in immune cells. However DOK4 and DOK5 are expressed upon T-cell receptor (TCR) stimulation in T cells and DOK4 protein has a role in immune cells (Favre et al., 2003; Gerard et al., 2009 ). Thus, although this second group gene expression is low in immune cells at steady state, it will be interesting to test DOK4-6 gene expression in activated immune cells. Unexpectedly, we also show that DOK7 was expressed in human B cells at a level comparable to that of DOK1. An inhibitory role for Dok1 in B cell signaling was demonstrated so it could be of interest to similarly investigate DOK7 function in B cells (Yamanashi et al., 2000) . Interestingly, DOK3 influences B cell signaling pathways in a nonredundant way (Ng et al., 2007) .
Finally, the identification of a conserved motif in the carboxyterminal part of group B DOK (DOK4-6) in vertebrates suggests the binding of a vertebrate protein that is important for their functions. Interestingly, a previous study showed that this motif was important in DOK4 function (Uchida et al., 2006) . Future studies are required to know whether this motif could be important in DOK5 and DOK6 functions. Since DOK4 and DOK5 may be expressed upon immune cell stimulations, this may be of interest to study the role of this motif in this context.
Our study thus reinforces the importance of combining evolutionary and expression studies to understand gene family organization. This approach would predict that the protein encoded by a particular DOK gene would deliver similar functions across the immune system of the different species. However, the endpoint will be to carry functional experiments in key animal models to decipher the role of DOK proteins during the evolution of the immune system.
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